Two hundred and thirty virus-induced polypeptides have been detected in BHK cells infected with herpes simplex virus type 1 (HSV-1; strain 17) by means of two-dimensional gel electrophoresis. The polypeptides have been characterized by both relative mobility following isoelectric focusing and apparent tool. wt. in SDS-polyacrylamide gels. Some polypeptides, visualized as a single band on a onedimensional SDS-polyacrylamide gel, were resolved into several spots. Three were identified in Vmw43, the band thought to contain thymidine kinase activity.
INTRODUCTION
Within the last 10 years the resolution obtained with one-dimensional SDS-polyacrylamide gel electrophoresis (SDS-PAGE) has improved to a point where up to 100 polypeptides can be detected. Analysis of cells infected with herpes simplex virus (HSV) has revealed more than 50 virus-induced polypeptides (Honess & Roizman, 1973; Powell & Courtney, 1975; Marsden et al., 1976) . However, many polypeptides may remain undetected either because several co-migrate to form a single band, or because the amount of a polypeptide is too low for it to be detected against the general polypeptide background in that region of the gel.
A two-dimensional technique has been described which allows potential resolution of thousands of polypeptides (O'Farrell, 1975; O'Farrell et al., 1977) . We describe here the application of this technique to HSV-1-infected cells and report the detection of 230 separable virus-induced polypeptides, more than a fourfold increase over the number previously reported.
As expected, not all of the observed polypeptides are unique species. Some appear to be related and have altered mobilities as a consequence of post-translational modification events. The pulse-chase experiments described indicate that the technique has a great potential value for understanding these modification steps. two-dimensional system with bands seen in the one-dimensional denaturing gel system, a sample of the material which had been loaded on to the IF gel was denatured (Marsden et al., 1976) and run in a well adjacent to the IF gel. This well was formed in the agarose used to embed the IF gel. Slab gels were run as described previously (Marsden et al., 1978) .
Neuraminidase digestion. Cells were lysed by three cycles of freezing and thawing, each followed by 1 rain of bath sonication at 0 °C. Digestion with neuraminidase (EC 3.2.1.18) was performed for either 2 or 14 h under the conditions described by Etchison et a l. (1977) .
Autoradiography. Gels were dried and exposed to Kodirex X-ray film at room temperature.
Polypeptide nomenclature. A two-coordinate system has been used to describe polypeptides. The first coordinate is the apparent mol. wt. of the potypeptide in an SDS-PAGE gradient gel and the second is the relative mobility in an IF gel. The apparent mol. wt. of HSV-induced polypeptides resolved in a 5 to 12.5 % SDS-PAGE gradient gel were obtained previously (Marsden et al., 1976) ; 17 polypeptides ranging in tool. wt. from 220 000 to 12 000 were used as standards. A virus-induced polypeptide of apparent tool. wt. X000 was described as VmwX. Some polypeptides were subsequently designated with a prime when the use of different denaturing gel systems showed them to consist of more than one component (Marsden et al., 1978) . The second coordinate, the relative mobility of the polypeptide in the IF gel (Y), is defined as the distance migrated into the IF gel divided by the length of the gel. A polypeptide VmwX with relative mobility Y is designated (X, Y).
To assign a value to the apparent tool. wt. of a polypeptide in 9 % gels cross-linked with DATD, we have used as standards the viral polypeptides V~w 155, 122, 117, 82, 65, 37.5 and 28 and the host actin band (44 000 mol. wt.).
To assign a value for the relative mobility of polypeptides which migrate off the end of a standard pH 3.5 to 10 IF gel and are only resolved by the addition of more basic ampholines to the IF gel, we used the following procedure. Nine polypeptides (43, 0.75), (43, 0.71), (42, 0.74), (42, 0.66), (41, 0.50), (38.5, 0.57), (12.5, 0.645), (12.5, 0.62) and (12.5, 0.57) were chosen which could be seen on both the standard gel and the more basic IF gel. The distance migrated in the more basic IF gel was plotted against the relative mobility observed in the standard IF gel. This plot gives a staight line which intercepts the 'distance migrated in the more basic IF gel' axis at some distance, x. This is the distance to which a polypeptide with relative mobility 1.0 would migrate in the more basic gel. The relative mobility of any polypeptide which migrates beyond x in the more basic IF gel is defined as the distance it migrates divided by x.
For glycoproteins we have used the nomenclature agreed at the herpes simplex virus workshop held at Cold Spring Harbor laboratories (1979): gA, gB, gC and gD are the fully processed forms of the glycoproteins documented by Spear (1976) . The absence of the prefix 'g' indicates a precursor.
Glyeoproteins gB, gC and gD probably correspond to G122, G110 and g57 respectively in our nomenclature (Marsden et al., 1976) . The identity of gB and G122 and ofgD and G57 is well established and is based on five criteria: (i) the polypeptides are glycosylated (Heine et al., 1974; Spear, 1976; Marsden et al., 1976) ; (ii) the fully processed forms appear after a chase (Spear, 1976 ; this manuscript); (iii) the apparent mol. wt. of gB (126000) and gD (59 000) (Heine et aL, 1974) are reasonably close to our estimates for G122 and G57; (iv) gB and gD are virion polypeptides (Heine et al., 1974; Spear, 1976) as are G122 and G57 (Marsden et al., 1976) ; and (v) the physical map positions obtained for gB and gD (Ruyechan et al., 1979) are compatible with those obtained for Gl17 and G51, the precursors to G122 and G57 respectively (Marsden et al., 1978) . Identification of gC with G110 is less certain but satisfies criteria (i) and (ii) above. Additionally, the mobility of gC and G110 on gels are consistent with identity since although G110 migrates faster than gB (G122) on a 5 to 12.5% gel cross-linked with BIS (Marsden et al., 1976) it, like gC, migrates more slowly than gB on a 9 % gel cross-linked with DATD (data not shown).
R E S U L T S
An autoradiograph of polypeptides from BHK cells infected with HSV-1 and separated by two-dimensional gel electrophoresis is shown in Fig. 1 (representative of three independent experiments). Over 1000 spots, of either virus or host origin, can be discerned. Virus-induced polypeptides were identified by aligning and comparing each autoradiograph with autoradiographs from similar mock-infected B H K cell controls (Fig. 2) . A polypeptide was considered to be virus-induced if there was no detectable mock-infected polypeptide at the same position, or if the intensity of the polypeptide was consistently increased following infection. The first criterion was met for the great majority of polypeptides considered to be virus-induced. Four separate approaches were made to maximize the number of virus-induced polypeptides detected: (i) samples were run on IF gels which contained ampholines of several pH ranges mixed in different proportions; (ii) different gel systems were used for the second dimension; (iii) the experiments were performed in three different cell lines in which host protein synthesis was inhibited to different degrees; and (iv) several autoradiographs with different exposures were made from each gel. The first three of these approaches will be discussed in detail.
Use of IF gels with different ampholine compositions
An example of the extent to which the resolution can be improved by altering the proportions of ampholines in the IF gel is illustrated for the series of 16 discrete polypeptides from gB (122, 0.33) to (117, 0.58). These are normally only poorly resolved (Fig. 1) ; however, in IF gels which contain a mixture of 80% pH 5 to 7 and 20% pH 3.5 to 10 ampholines they are well separated (Fig. 3) . A parallel series of polypeptides migrating slightly faster than the main series can be seen in this figure and, to a lesser extent, in Fig. 1 Similarly by increasing the proportion of basic ampholines in the IF gel (80 % of pH 7 to 9 and 20% of pH 3.5 to 10) eight additional polypeptides could be detected (data not shown). These polypeptides: (39, 1.26), (38.5, 1.31), (29, 1.22), (18, 1.35), (17, 1.28), (16, 1.35), (i4, 1.44) and (11, 0.85 to 1.10) migrate off the end of the standard IF gel (100% of pH 3.5 to 10 ampholines). Heine et al. (1974) showed that some HSV glycoproteins had altered relative mobilities in SDS-polyacrylamide gels polymerized with different cross-linkers. This was also noted for some HSV phosphoproteins (Marsden et al., 1978) . Therefore, it seemed likely that additional polypeptides would be revealed by the use of different gel systems for the second dimension. Fig. 4 shows the two-dimensional separations for polypeptides from infected BHK cells obtained using a 9% gel cross-linked with DATD. Most virus-induced polypeptides recognized in one system can be recognized in the other (compare Fig. 1 and 4) . Any polypeptide can be readily identified provided the following four criteria can be met: (i) the polypeptide must have the same relative mobility on the IF gel; (ii) it must contain the same amount of radioactivity; (iii) it must have the same shape and (iv) if the polypeptide has a new apparent mol. wt. in one gel system there should be no comparative spot left at the apparent mol. wt. which it had in the other system. • -* +" 
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Use of the two gel systems allowed detection of more polypeptides than did either system alone. Twenty-two were found on 9 % gels cross-linked with DATD which were not seen on 5 to 12.5% gradient gels cross-linked with BIS. Within the same mol. wt. range (~27000) 26 polypeptides were detected on the gradient gels which were not seen on the 9% gel cross-linked with DATD. Also seen on the 5 to 12.5 % gels were 26 polypeptides with mol. wt. <27 000 (of these, 21 had relative mobilities ~<1.0 and five had relative mobilities > 1.0).
Use of different eell lines
The third approach to maximize the number of virus polypeptides detected was to use three cell lines in which host protein synthesis is inhibited to different extents. Inhibition is often Table 1 . HSV-l-indueed polypeptides recorded in summary Fig. 5 and 6 but not seen in the infections shown in summary Fig. 1, 3 Fig. 5 but not seen in the infections shown in Fig. 1 and 3 . t Polypeptides recorded in summary Fig. 6 but not seen in the infections shown in Fig. 4 . . It was found with these cells that the paucity of host polypeptides in the infected cell pattern caused difficulties in aligning it with the mock-infected pattern, but the approach was useful for the tentative identification of minor (low intensity) polypeptides suspected of being of virus origin. A second reason for using several cell lines follows from our observation that their polypeptides patterns display slight differences. A virus polypeptide which co-migrates with a host polypeptide in one cell line may not do so in a second line and hence can be detected in infections of the second cell line. For example, (48, 0-32) was detectable in HFL cells but not in BHK cells (data not shown). A third reason is that some HSV-induced polypeptides are processed differently in different cell lines (Gerdes et al., 1979) . Fig. 5 and 6 show the apparent tool. wt. and relative mobility of every virus-induced polypeptide detected in 5 to 12.5% gradient gels cross-linked with BIS and in 9% gels cross-linked with DATD respectively. These two summary figures are based on many experiments as described above and not all of the polypeptides indicated can be found in Fig.  1, 3 and 4. For this reason a list of those polypeptides recorded in the summary figures but not seen in Fig. 1, 3 and 4 has been compiled ( Table 1) .
L. H A A R R A N D H . S. M A R S D E N

Coordinates of virus-induced polypeptides
Processing of glyeoproteins gB, gC and gD
gB and gC are derived from precursor polypeptides (Spear, 1976) as is gD (Spear, 1976; Eisenberg et aL, 1979) . We wondered whether the 16 polypeptides in the series linking (117, 0-58) to (122, 0.33) (gB) represented discrete steps in the synthesis of gB and similarly whether the 11 polypeptides in the series linking (51, 0.48) to (60, 0.22) (gD) represented discrete steps in the synthesis of gD. Two experimental approaches indicated that they did.
The first (Fig. 7) is a pulse-chase experiment. Only the basic-end polypeptides of each series were labelled by the pulse. After a chase, little label remained in these basic polypeptides and the more acidic, higher tool. wt. polypeptides became labelled, suggesting modification by addition of negatively charged groups. [Note that in the pulse shown in Fig. 7 the position of gB itself (122, 0.33) is obscured by streaking of other polypeptides but it is clear that the adjacent basic polypeptides of the series are absent.] The acidic shift, though not the multiple discrete steps, associated with processing of gD has been reported independently by Eisenberg et al. (1979) . Three additional aspects of this figure should be noted: (i) a major polypeptide designated X is labelled by a pulse and is not seen after a chase; (ii) gC appears after a chase; (iii) two (possibly three) parallel high mol. wt. series (>200000) were generated during the chase while only the basic spots were labelled by the pulse.
In the second type of experiment infected cells were labelled with 35S-methionine for about 20 h then lysed and digested with neuraminidase, an enzyme which cleaves glycosidically bound sialic acid. This treatment caused loss of label from the acidic polypeptides gB, gC and gD (Fig. 8) , strongly suggesting that they contain sialic acid. Control incubation without enzyme did not change the distribution of label in the putative glycoprotein series (Fig. 8) . The loss of label from the acidic polypeptides was accompanied by an accumulation of label in the more basic polypeptides X and D (Fig. 8) . No label accumulated in B under these conditions. However, in a subsequent experiment, in which infected cells were digested for only 2 h with neuraminidase, label did accumulate in B (inserts in Fig. 8) . The failure to polypeptides without (~,) and with (¢) neuraminidase treatment. Autoradiographs have been cut to show polypeptides with apparent mol. wt. between 160000 and 36000. The insert in the upper right hand corner of both (a) and (b) is an autoradiograph of an experiment in which infected cells were incubated for only 2 h with neuraminidase. Each insert shows polypeptides having mol. wt. between about 110000 and 160000 and relative mobilities between about 0.25 and 0.60. accumulate label in B after a 14 h digestion suggests that the polypeptide was unstable during the more prolonged digestion.
DISCUSSION
Application of the two-dimensional electrophoretic technique described by O'Farrell (1977) to cells infected with HSV-1 (strain 17) has revealed 230 virus-induced polypeptides. The majority (60%) were observed in all three cell lines while a further 20% were observed in two cell lines and 20% in only one cell line (data not shown). Failure to detect some virus-induced polypeptides in some of the cell lines cannot be construed to indicate qualitative cell-specific differences following infection since further experiments and/or improved separation techniques may well reveal those virus-induced polypeptides.
The large number of virus-induced polypeptides detected could pose a nomenclature problem. The two-coordinate system chosen has both advantages and disadvantages. One advantage is that two physical properties of the polypeptide, approximate tool. wt. (under defined conditions) and relative acidity (or basicity), are inherent in the nomenclature. A second is that newly discovered polypeptides can be readily fitted into the scheme. This consideration is important since it is likely that analysis of subcellular fractions, improved resolution or improved solubilization will reveal polypeptides additional to the 230 described here. The disadvantage is that a given polypeptide will not have the same coordinates in different gel systems. A similar nomenclature problem has existed for some years with the different schemes evolved by workers to describe polypeptides resolved in various SDS-PAGE systems. In practice, the use of different schemes has not proved to be an insurmountable obstacle to identification of a given polypeptide since once sufficient properties of the polypeptides become known correlation can be made with some confidence.
Non-equilibrium IF gels (O'Farrell et al., 1977) rather than equilibrium IF gels (O'FarreU, 1975) were used because they resolved more polypeptides and more of the material loaded migrated from the origin. Even so it is clear from the radioactivity remaining at the acidic end of the 2D patterns that some of the loaded material remained there. This material is probably in some aggregate form: it could be pelleted by centrifuging the sample, before electrophoresis, for 1 h at 120000 g but not for 10 min at 13 000 g. The material could also be removed from the top of the IF gel after electrophoresis by boiling the gel in 4 ml of buffer O (O'Farrell, 1975) which contained 62.5 mM-tris pH 6.8, 2.3% SDS, 10% glycerol, 5% 2-mercaptoethanol. Polypeptides solubilized by this boiling treatment were found in the buffer. The one-dimensional profile obtained by SDS-PAGE of these polypeptides was very similar but not identical to that of the material loaded on to the IF gel (data not shown). This suggests that the material entering the IF gel is largely representative of the material which is applied, but that a few polypeptides are preferentially retained. Additional evidence for preferential retention can be seen in Fig. 1, 3 and 4 . Comparison of the two-dimensional pattern with the one-dimensional profile shows that the amount of some polypeptides entering the IF gel is clearly less than that applied to it.
The high resolution obtained by two-dimensional gel electrophoresis allows a better understanding of complex post-translationai modification events associated with glycoprotein processing. Digestion with neuraminidase caused loss of label from gB, gC and gD (Fig. 8) , strongly suggesting that they contain sialic acid. Two experimental approaches provide evidence for, but do not prove, the speculation that the 16 polypeptides in the series linking B and gB and the 11 polypeptides in the series linking D and gD (Fig. 1, 3 , 4, 7 and 8) are intermediates in the formation of gB and gD respectively. First, only the basic-end polypeptides of each series were labelled by a pulse. After a chase little label remained in them and about half the more acidic higher mol. wt. polypeptides of each series were accumulated (Fig. 7) . Second, the series leading to gB and the acidic-end spots of the series leading to gD disappeared after digestion with neuraminidase ( Fig. 8) , suggesting that polypeptides in both series are generated in part by the addition of sialic acid residues (other sugar residues that do not affect isoelectric focusing could also have been added). The speculation that polypeptides in the series linking B and gB are intermediates in the synthesis of gB and that polypeptides in the series linking D and gD are intermediates in the synthesis of gD, derives additional support from the observation that following neuraminidase treatment the acidic spots in the series disappear and label accumulates in B and D (Fig. 8) . Rigorous proof of the relatedness of the polypeptides in each of the series will require approaches such as tryptic mapping or immunological techinques.
Our conclusion that gB, gC and gD contain sialic acid is compatible with the work of Honess & Roizman (1975) who showed that HSV-induced glycoproteins were formed by stepwise additions of heterosaccharide chains to completed precursor polypeptides and that the mature heterosaccharide chains contained sialic acid (and glucosamine and fucose). Our conclusions are also in agreement with those of Eisenberg et al. (1979) who, using a different approach, showed that processing of the oligosaccharide portion of gD involved extensive sialication.
A polypeptide, X, was observed ( Fig. 7 ) which labels during a pulse and from which label disappears during a chase. Following digestion of lysed infected cells with neuraminidase, label accumulates at this same position (Fig. 8) . These two observations suggest that X may be a precursor to a glycoprotein, possibly gC.
Polypeptides were observed (Fig. 3 ) which migrate slightly faster than, and have isofocusing mobilities identical to, those in the series linking (117, 0.58) to gB (122, 0.33). One interpretation is that this series is also modified in some other way. Whether this slightly faster-migrating series has any relationship to gA (Spear, 1976) is not known.
Virus-induced material of very high mol. wt. (>200000) can be seen in Fig. 1, 4 and 7. Three observations suggest that it consists of muttimers of the series linking (117, 0.58) to gB (122, 0-33): (i) a pulse labels the basic end of the material while a chase generates the more acidic polypeptides (Fig. 7) ; (ii) the spots of major intensity at the basic and acidic limits of the material (0.61 to 0.63 and 0.33 respectively) are close to those of the series terminating at gB; (iii) Sarmiento & Spear (1979) have shown gB can exist as a dimer which can be dissociated by boiling in SDS and 2-mercaptoethanol and we have observed (data not shown) that boiling the IF gel in buffer O (O'Farrell, 1975) , which contains 2.3 % SDS and 5 % 2-mercaptoethanol, before electrophoresis in the second dimension, results in loss of the very high tool. wt. material. Given that these very high mol. wt. series do consist of multimers of the series leading to gB, then the presence of intermediate spots in these very high mol. wt. series suggests that multimers of the glycoproteins intermediate in the synthesis of gB can exist in vivo.
Several of the bands resolved by one-dimensional gel electrophoresis are separated into multiple spots by 2D gel electrophoresis. For example, Vm,~43, the band thought to contain thymidine kinase activity (Honess & Watson, 1974; Summers et al., 1975; Preston, 1977) is resolved into three polypeptides: (43, 0.655), (43, 0.71) and (43, 0.74) (Fig. 1) . Pertinent to this observation is the finding (Chen & Prusoff, 1978) that when subjected to isoelectric focusing the enzyme exhibits four peaks of activity. Whether the multiple spots observed are due to: (i) different polypeptides, (ii) modified forms of a single primary sequence or (iii) the same polypeptide existing in different states in the infected cells (for example, as a monomer or in a multiple subunit complex, or in a complex with other polypeptides or molecules) is currently under investigation. We thank Professor J. H. Subak-Sharpe for his encouragement and enthusiasm throughout this work. Graham Hope provided skilful technical assistance. The work was supported by the Medical
